Introduction {#Sec1}
============

Doppler examinations of intraplacental blood circulation appear to be an efficient method for diagnosing and managing pregnancies complicated by fetal intrauterine growth restriction (IUGR), especially because the changes in maternal Doppler findings (i.e., uterine artery) and in fetal Doppler (i.e., umbilical artery) are secondary to the changes in the placental vascular tree \[[@CR1]--[@CR3]\].

Thanks to great technological progress over the last few years, it is now possible to quantitatively evaluate intraplacental blood circulation and placental volume by means of 3D Power Doppler and VOCAL technique. Intraplacental blood circulation is described by three vascular indices: vascularization index (VI), flow index (FI), and vascularization flow index (VFI). Vascularization index is the ratio of the number of color voxels to the total number of voxels in the sampled tissue, thus it represents the percentage of vascularized tissue \[[@CR4]--[@CR7]\]. Flow index is the average color value of all color voxels and it describes the mean velocity of flow in the sampled tissue \[[@CR4]--[@CR7]\]. The vascularization-flow index is the average color value of all color and gray voxels and describes both: the vascularization and the blood flow \[[@CR6], [@CR7]\].

So far, only a small number of studies evaluating placental vasculature with the use of 3D Power Doppler technique have been conducted \[[@CR4]--[@CR8]\]. They differed from one another in respect of the applied methodologies of measuring the placental vasculature. Until recently, placental vasculature was evaluated only in selected parts of the placenta \[[@CR5]--[@CR8]\]. However, not unlike in the study performed by de Paula et al. \[[@CR4]\], we applied a method allowing for measuring vascular indices for the entire placental volume. This allowed us to gather full information on placental vasculature and should not be underestimated as, due to high regional variability of placental perfusion, there are significant differences in the values of vascularization index, flow index, and vascularization-flow index between different regions of the placenta \[[@CR9], [@CR10]\].

Moreover, no study comparing placental vascular indices of the whole placental volume in normal and IUGR pregnancies has been found.

The quantitative assessment of the vasculature of the entire placenta aims both the evaluation of potential differences of placental vascular indices and placental volume found in normal and IUGR pregnancies. Secondarily, we tried to demonstrate whether the assessment of these parameters might be useful as an adjunctive method in discriminating normal from IUGR pregnancies.

Materials and methods {#Sec2}
=====================

A prospective study included 120 pregnant patients who underwent ultrasound examinations within the period from September 2008 to November 2009, carried out in the Department of Gynecology, Obstetrics and Neonatology, Wroclaw Medical University. All patients gave informed consent for participation in the study and the local ethics committee accepted the protocol of the study.

The normal pregnancy group included 100 patients between 22 and 42 weeks of gestation (mean gestational age, 32.0 weeks). The IUGR pregnancy group included 20 patients between 29 and 40 weeks of gestation (mean gestational age, 33.5 weeks). We found statistically significant differences in gestational age between the two groups of pregnancies (*p* = 0.006). Therefore, in order to compare the two groups, we separated a subgroup out of the normal pregnancies group. The subgroup included 55 patients over 29 weeks of gestation. Table [1](#Tab1){ref-type="table"} presents comparative characteristics of the selected normal pregnancy subgroup and the IUGR pregnancy group.Table 1Comparative characteristics of the selected normal pregnancies subgroup and the IUGR pregnancies groupVariableNormal pregnancies group (*n* = 55)IUGR pregnancies group (*n* = 20)*p* valueAge^a^30.8 ± 5.731.3 ± 4.80.28Parity (primapara/multipara)^b^32(58%)/23(42%)12(60%)/8(40%)0.89Gestational age^c^ (median, range)35.00 (31.0--41.0)33.50 (29.0--40.0)0.43^a^Average ± standard deviation (SD), *p* value calculated by means of the Student's *t* test for independent variables^b^*p* value calculated by means of the Chi-square test^c^Median (range), *p* value calculated by means of the Mann--Whitney *U* test

The inclusion and exclusion criteria are presented in Table [2](#Tab2){ref-type="table"}.Table 2Inclusion/exclusion criteria of the normal and IUGR subgroupsInclusion criteriaExclusion criteriaNormal pregnancies groupSingleton pregnancy, lack of systemic disease, normal fetal morphology, fetal growth appropriate for gestational age, gestational age above the 22nd week, visualization of the entire placentaMultiple pregnancy, systemic disease, incorrect fetal NT value between the 11th and the 13,6th weeks of gestation, abnormal fetal karyotype, fetal malformations, fetal growth inappropriate for gestational age, gestational age under the 22nd week abnormal localization of the placenta, inability to visualize the entire placenta drug, alcohol, nicotine abuseIUGR pregnancies groupSingleton pregnancy, estimated fetal weight below the 10th percentile for gestational age, gestational age above the 22nd week, the diagnosis of IUGR confirmed after deliveryMultiple pregnancy, unknown date of delivery, estimated fetal weight above the 10th percentile for a given gestational age, diagnosis of IUGR not confirmed after the delivery, inability to visualize the entire placenta

In order to avoid including healthy, yet constitutionally small for gestational age fetuses to the IUGR group, patients' data were included in the study only in cases of IUGR diagnosis confirmed after delivery.

Maternal characteristics of the IUGR group included nicotine abuse during the pregnancy in four cases (4/20), history of recurrent abortion in one case (1/20) and pregnancy inducted hypertension in one case (1/20). Other systemic diseases or prior uterine surgeries were not found in this group of patients.

Methods of ultrasound examination {#Sec3}
---------------------------------

Ultrasound examinations were performed using Voluson E8 Expert (General Electric Medical Systems) with a volumetric abdominal probe RAB 4-8D (4--8 MHz).

We applied the following procedures for each case:2D ultrasound scanning evaluating fetal biometric parameters according to Hadlock et al. \[[@CR11]\], fetal morphology, and localization of the placenta, evaluation of placental volume (PV) and placental vascular indices (VI, VFI, FI) with the use of 3D Power Doppler and VOCAL technique.

Ultrasound examinations were performed by a single operator (M.P.).

Assessment of placental volume and placental vascular indices {#Sec4}
-------------------------------------------------------------

In order to standardize our evaluation of placental vasculature, the same pre-established Power Doppler signal settings were used for the following parameters: pulse repetition frequency: 0.9 kHz, wall motion filter: low1, quality: norm, frequency: low, smooth: 4/5, artefact on.

A gain value was set individually, depending on the location of placenta, the thickness of maternal adipose tissue and imaging conditions resulting from these factors. At the beginning of a 3D Power Doppler examination, the maximum gain value was set to be later reduced to such a level that would eliminate any artifacts and allow us to obtain a proper image of the placental vascular tree. We benefited from the fact that individual adjustment of Power Doppler signal level allows for adequate and comparable assessment of placental vasculature, and there is no need to maintain a constant distance between a probe and the placenta, which in practice is impossible \[[@CR12]\]. As recommended by Martins et al. \[[@CR13]\], in this study, we applied the lowest gain settings allowing for adequate detection of vessel architecture.

After visualization of the placental vascular tree, we performed a 3D static Power Doppler scanning using the widest scanning angle (85°) to ensure that the data from the entire placenta is collected. Having scanned the region of interest, we used VOCAL II imaging software to assess placental volume (VOCAL settings: manual trace, rotation angle 30°). Further analysis was performed with the use of 3D Power Doppler Volume Histogram software, which automatically calculates the values of VI, FI, and VFI for the entire placental volume.

Figure [1](#Fig1){ref-type="fig"} presents the above-mentioned technique of measuring placental volume and placental vasculature.Fig. 1Automatic calculation of VI, FI and VFI by 3D-Power Doppler Volume Histogram program

Statistical analysis {#Sec5}
--------------------

Statistical analysis was performed with STATISTICA 9.0 software (StatSoft Inc., Poland). A *p* value of less than 0.05 was considered statistically significant.

Receiver operating characteristic (ROC) curves were applied in order to evaluate the use of PV, VI, FI, and VFI indices in discriminating between normal and IUGR pregnancies. We calculated the areas under the ROC curve (AROC) values, 95% confidence Wald intervals for AROC values, and the cut-off (CUT) value. Furthermore, the specificities for target sensitivity of at least 80% were calculated and compared for each parameter.

Results {#Sec6}
=======

Comparison of placental vascular indices in normal and IUGR pregnancies {#Sec7}
-----------------------------------------------------------------------

Table [3](#Tab3){ref-type="table"} presents the results of comparative analyses of placental vascular indices in normal and IUGR pregnancies.Table 3Comparative analysis of placental vascular indices in normal and IUGR pregnanciesVariableNormal pregnancies group (*n* = 55)IUGR pregnancies group (*n* = 20)*p* valueVI^a^13.7 (3.80--33.0)5.75 (0.60--14.50)\<0.001FI^b^46.55 ± 6.4840.93 ± 7.250.002VFI^a^6.0 (1.30--15.0)2.25 (0.30--7.70)\<0.001*VI* vascularization index, *FI* flow index, *VFI* vascularization-flow index^a^Median (range of values), *p* value calculated by means of the Mann--Whitney *U* test^b^Average ± standard deviation (SD), *p* value calculated by means of the Student's *t* test for independent variables

A comparative analysis of VI revealed a statistically significant difference (*p* \< 0.001) between the normal pregnancy subgroup (median value 13.7) and the IUGR pregnancy group (median value 5.7); further analysis also showed a statistically significant difference of FI (*p* = 0.002) between the normal pregnancy subgroup (46.55 ± 6.48) and the IUGR pregnancy group (40.93 ± 7.25). On average, in the normal pregnancies subgroup FI was higher by 5.62 than in the IUGR pregnancies group. A comparative analysis of VFI concluded that there is a statistically significant difference (*p* \< 0.001) between the normal pregnancies subgroup (median value 6.0) and the IUGR pregnancies group (median value 2.25).

Comparison of placental volume in normal and IUGR pregnancies {#Sec8}
-------------------------------------------------------------

A comparative analysis of placental volume between the normal pregnancies subgroup and IUGR pregnancies group (Table [1](#Tab1){ref-type="table"}) revealed a statistically significant difference. The mean volume in the normal pregnancies subgroup and IUGR pregnancies group was 334.87 ± 89.06 and 242.45 ± 67.15 cm^3^, respectively. In the normal pregnancies subgroup, the volume of placenta was on average 92.42 cm^3^ larger than in the IUGR pregnancies group.

Figure [2](#Fig2){ref-type="fig"} presents a comparison of placental volume between the normal pregnancies subgroup and the IUGR pregnancies group.Fig. 2Comparison of placental volume in normal and IUGR pregnancies

Evaluation of clinical usefulness of placental volume and placental vascular indices for discriminating between IUGR and normal pregnancies {#Sec9}
-------------------------------------------------------------------------------------------------------------------------------------------

Results of an analysis where ROC curves were used for vascularization index, flow index, vascularization flow index and placental volume were presented in Table [3](#Tab3){ref-type="table"}.

Table [4](#Tab4){ref-type="table"} presents placental vascular indices and placental volume parameters. These parameters were presented in descending order as regards the area under ROC curve (AROC).Table 4Comparative table of areas under ROC curve values for vascular indices VI, FI, VFI and placental volume PV; their sensitivities values for specificity of 80% and CUT valuesAROCSE−95%+95%CUTSensitivity for specificity of 80% (%)VI0.8250.0520.7240.9275.3065.0VFI0.8180.0590.7020.9342.3070.0PV (cm^3^)0.7950.0550.6870.90319960.0FI0.7120.0680.5790.84436.040.0*−95%* left confidence interval, *+95%* right confidence interval are adjusted Wald confidence interval, *AROC* area under the ROC curve, *SE* standard error, *VI* vascularization index, *FI* flow index, *VFI* vascularization-flow index, *PV* placental volume, *CUT* cut point of the ROC curve

The following parameters showed the highest AROC values, respectively:vascularization index VIvascularization flow index VFIplacental volume PVflow index FI.Sensitivity to the best three parameters (VI, VFI, PV) for specificity of 80% ranged between 60 and 70%. The CUT values for VI, VFI, PV, and FI were 5.30, 2.30, 199, and 36.0, respectively.

Figure [3](#Fig3){ref-type="fig"} presents collective comparison of the ROC curves for VI, VFI, FI, and PV indices.Fig. 3Comparison of the ROC curves for VI, FI, VFI and PV indices in the IUGR pregnancies group

Discussion {#Sec10}
==========

Methods used for evaluation of placental vasculature and placental volume {#Sec11}
-------------------------------------------------------------------------

In the study conducted by Yu et al. \[[@CR8]\] in 2003 the values of placental vascular indices VI, FI, and VFI were calculated for a fixed, small placental volume. Mercé et al. \[[@CR6], [@CR7]\] further developed this technique and called it "vascular placental biopsy"; it consists of scanning a part of the placenta with the highest density of vessels.

In yet another study by Guiot et al. \[[@CR5]\], the values of placental vascular indices were determined in five constant regions of the placenta.

Furthermore, in 2009, de Paula et al. \[[@CR4]\], introduced the method of measuring the vascular indices for the entire placental volume. This method revealed that the values of VI, FI, and VFI remain constant during the entire pregnancy. Thus, these results differ from those presented by Yu et al., and Mercé et al. \[[@CR6]--[@CR8]\], which concluded that the values of VI, FI, and VFI increase during the course of pregnancy.

This study, allowing for gathering full information on placental vasculature, utilized a method measuring VI, FI, and VFI in the entire placental volume. It is especially important in IUGR pregnancies, where vasculature structure is much more differentiated due to the presence of villous infarcts \[[@CR5], [@CR14], [@CR15]\]. Recently, Lai et al., and Negrini et al. \[[@CR9], [@CR10]\], have also concluded that even in normal pregnancies, significant differences between the values of placental vascular indices (VI, FI, VFI) obtained from different regions of the placenta can be found. Furthermore, this method might help to get valuable information on placental volume, which may be used as an independent diagnostic parameter differentiating between properly and insufficiently developed placentas. However, only patients with proper visualization of the entire placenta are eligible for this method.

Comparative analysis of placental vasculature in normal and IUGR pregnancies {#Sec12}
----------------------------------------------------------------------------

So far, the only study to compare placental vasculature in normal pregnancy to placental vasculature in IUGR pregnancy by means of 3D Power Doppler and VOCAL technique has been the study by Guiot et al. \[[@CR5]\]. The study was performed on a group of 45 pregnant women between 23 and 37 weeks of gestation, including 30 IUGR and 15 normal pregnancies. Placental vascular indices were calculated for five different regions of the placenta. The authors stated that VI, FI, and VFI values were significantly lower in the IUGR pregnancies \[[@CR5]\].

In the present study, placental vasculature in normal and IUGR pregnancies were compared, while all measures were derived from the entire placental volume by using 3D Power Doppler technique.

Based on our findings, we were able to show that the values of VI, FI, and VFI are statistically significantly lower in the IUGR group compared to those in the normal group. Our results clearly show that placentas of IUGR complicated pregnancies have fewer blood vessels (reduced VI) and decreased blood flow (reduced FI) as well.

The data presented herein correlate with the results of histopathological and 2D Doppler studies \[[@CR16], [@CR17]\]. A major advantage of 3D Power Doppler technique, in comparison to the above-mentioned techniques, is the possibility of quantitative evaluation of placental vascular indices for the entire placental volume during the pregnancy.

Comparative analysis of placental volume in normal and IUGR pregnancies {#Sec13}
-----------------------------------------------------------------------

In 2008, de Paula et al. \[[@CR18]\], established reference values for placental volume between the 12th and 40th week of gestation, with the use of three-dimensional ultrasonography.

Hafner et al. \[[@CR19]\], revealed that measurement of placental volume between 16 and 23 weeks' gestation has a sensitivity of 53.5% regarding the prediction of IUGR and neonatal birth weight below the 10th percentile. Later on the group of Hafner stated that measurement of placental volume in the first and the second trimester of pregnancy enables identification of impaired trophoblast invasion and helps predict the development of IUGR and preeclampsia \[[@CR20], [@CR21]\].

Our study sought to elaborate whether placental volume measured by means of VOCAL technique may serve as a parameter differentiating between normal and IUGR pregnancies. The performed comparative analyses revealed statistically important differences of placental volume between the normal pregnancy and the IUGR pregnancy groups. Our findings show that the placentas in IUGR pregnancies are on average smaller by 92.66 cm^3^ in comparison to the placentas in normal pregnancies.

Clinical usefulness of placental vasculature indices and placental volume for discriminating between normal and IUGR pregnancies {#Sec14}
--------------------------------------------------------------------------------------------------------------------------------

To the best of our knowledge, no previous studies using ROC curves to evaluate clinical usefulness of placental vascular indices and placental volume for discriminating between normal and IUGR pregnancies have been published so far. We obtained the highest AROC values for vascularization index VI, vascularization flow index VFI, and placental volume PV, differentiating between normal and IUGR pregnancies. These findings might suggest that placentas of IUGR pregnancies presumably contain fewer blood vessels (lower VI and VFI value) and have reduced volume (lower PV value). The flow index, which equals the average placental blood flow volume, seems to be affected less significantly and is not useful for differentiating between normal and IUGR pregnancies. These data are similar to the results presented by Guiot et al. \[[@CR5]\], who showed that the lower FI value is diagnosed only in the most severe cases of IUGR, i.e., in the cases of AEDV or REDV in the umbilical artery.

Potential limitations of the study {#Sec15}
----------------------------------

Future studies are needed to assess the correlation between the vascularization of placenta and changes in maternal and fetal Doppler findings. Due to the fact that these changes are secondary to the impaired development of the placental vascular tree, the placental vascular indices may be used for early detection of pregnancies with the high risk of fetal intrauterine growth restriction.

The method of assessment of the vascular tree in the entire placental volume requires the exclusion of patients where the scanning of the entire placenta is not possible. This mostly concerns patients with obesity and patients in advanced pregnancy.

Conclusions {#Sec16}
===========

To summarize, the quantitative assessment of placental vasculature and placental volume by means of 3D Power Doppler and VOCAL technique is an adjunctive modality for differentiation between normal and IUGR pregnancies. Our findings further suggest that the vascularization index (VI) and vascularization flow index (VFI) are the best parameters with the most favorable discriminating potential for proper identification of IUGR pregnancies.
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